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Abstract

The hindgut protists of wood-feeding termites are usually colonized by prokaryotic symbi-
onts. Many of the hurdles that have prevented a better understanding of these symbionts
arise from variation among protist and termite host species and the inability to maintain
prominent community members in culture. These issues have made it difficult to study the
fidelity, acquisition, and differences in colonization of protists by bacterial symbionts. In this
study, we use high throughput amplicon sequencing of the V4 region of 16S rRNA genes to
determine the composition of bacterial communities associated with single protist cells of six
protist species, from the genera Pyrsonympha, Dinenympha, and Trichonympha that are
present in the hindgut of the termite Reticulitermes flavipes. By analyzing amplicon
sequence variants (ASVs), the diversity and distribution of protist-associated bacteria was
compared within and across these six different protist species. ASV analysis showed that, in
general, each protist genus associated with a distinct community of bacterial symbionts
which were conserved across different termite colonies. However, some ASVs correspond-
ing to ectosymbionts (Spirochaetes) were shared between different Dinenympha species
and to a lesser extent with Pyrsonympha and Trichonympha hosts. This suggested that cer-
tain bacterial symbionts may be cosmopolitan to some degree and perhaps acquired by hor-
izontal transmission. Using a fluorescence-based cell assay, we could observe the
horizontal acquisition of surface-bound bacteria. This acquisition was shown to be time-
dependent, involve active processes, and was non-random with respect to binding locations
on some protists.

Introduction

The lower termite R. flavipes harbors symbionts from the three domains of life, all of which
make significant contributions to the digestion of lignocellulose and provisioning of essential
nutrients. These symbionts include uncultivated hindgut protists of two eukaryotic taxa,
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Oxymonadida (order) and Parabasalia (phylum or class) [1,2]. Most, and perhaps all, of these
protists are colonized by both endo- and ectosymbionts belonging to various bacterial taxa [2].
These protist-associated bacteria often exhibit complex community structures and occupy dif-
ferent sites on and within their unicellular hosts [2].

Previous studies have shown that Oxymonadida protists in Reticulitermes speratus are co-
colonized with Treponema ectosymbionts from two distinct phylogenetic clusters (Termite
Treponema clusters I and II) [3,4] as well as a member of the Bacteroidales [5]. These three
ectosymbiotic lineages attach by one cell pole to the plasma membrane of their host [6] and
exhibit intermixed colonization [5]. Other known ectosymbionts include a Desulfovibrio spe-
cies which embeds in the membrane of its host, Trichonympha [7]. Functional and genomic
data regarding the nature of these symbioses are limited but growing [8,9].

The endosymbionts which colonize the cytoplasm of hindgut protists of Reticulitermes ter-
mites are from several bacterial taxa and vary between protist and termite species. These include
Endomicrobium [10], and ‘Candidatus Ancillula’ [11]. In addition, the nuclei of some hindgut
protist species are colonized by Verrucomicrobia [12]. Genome analysis of some of these endo-
symbionts, and some ectosymbionts, suggests that there is convergent evolution for these sym-
bionts to support their unicellular host by synthesizing nutrients absent in the termites’ diet
[11,13,14]. Regarding Endomicrobium, previous studies have investigated both their population
structure and transmission in Trichonympha spp. protists. Across various Trichonympha spp.
these endosymbionts share rRNA gene phylogenies that are congruent with their host [15], are
composed of a single phylotype in each host species, and are not shared across different Tricho-
nympha spp. [16]. These data suggest that these endosymbionts are vertically acquired.

The associations between termite protists and their symbiotic bacteria are only beginning
to be understood. For example, in Reticulitermes spp. different protist species associate with
Treponema from the same phylogenetic clusters, but the composition and fidelity of those
associations are often not resolved beyond those broad phylogenetic groups. Furthermore,
assessing the diversity of bacteria which associate with termite protists has been challenging
since these protists are not yet cultivated, and are hard to isolate from their termite hosts. Pre-
vious studies have overcome these challenges by either using samples which consisted of
pooled protist cells [3] or single-cell samples in which whole genome amplification (WGA)
was performed [16]. These methods have yielded novel information, but with recent advances
in high-throughput amplicon sequencing and analysis we wondered if we could assay single-
cells without the need to pool individuals or perform WGA.

Here, we used a method in which single protist cells, isolated from the hindgut of R. flavipes,
served as a template for high-throughput amplicon sequencing of the hypervariable V4 region
of bacterial symbiont 16S rRNA genes. We also co-amplified the 18S rRNA gene of some of
the protist cells. Using these methods, the bacterial communities associated with single protist
cells were investigated at single nucleotide resolution and high coverage using ASV methodol-
ogies. We selected six different protist species, four from the genus Dinenympha (Oxymona-
dida), Pyrsonympha vertens (Oxymonadida), and Trichonympha agilis (Parabasalia). We
characterized the microbial communities associated with these protists which vary in their
evolutionary relatedness and niches they occupy in the host. The ASV data also allowed us to
investigate if bacterial communities associated with specific protist species varied across ter-
mite colonies [17].

We found that different protists species share some ectosymbiotic ASVs. This suggested
that these particular symbionts may be cosmopolitan and perhaps horizontally acquired by
their protist hosts. Horizontal transmission in these cases would result from the binding of
ectosymbionts from the termite’s hindgut to new protist hosts. To test this hypothesis, we
developed an in vitro fluorescence assay which allowed us to detect the horizontal acquisition
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of bacteria by protists. We show that the horizontal acquisition of these bacteria required active
biological processes and the symbionts exhibited preferential spatial binding to their host cells
in some cases.

Materials and methods
Termite collection, maintenance, and identification

R. flavipes termites were collected from three geographical sites using cardboard traps placed
under logs for 2 to 4 weeks at the UConn Campus at Storrs, Connecticut (Geosite A/Colony A:
Longitude -72.262216, Latitude 41.806543); in Granby, Connecticut (Geosite B/ Colony B:
Longitude -72.789053, Latitude 41.999316) and in Mansfield Center, Connecticut (Geosite C/
Colony C: Longitude -72.216138, Latitude 41.759949). Termites were removed from traps and
maintained in plastic containers with moistened sterile sand and spruce wood. Termites col-
lected at Geosite A were collected with permission of campus planning and grounds on
unmanaged UConn land, termites from Geosite B were collected on private land with the per-
mission of the land owner and termites collected at Geosite C were collected with the permis-
sion of the Town of Mansfield (research park permit number 2020R1). The species collected,
R. flavipes, is not an endangered or protected species. Species identity of the termites was veri-
fied to be R. flavipes by solider caste morphology [18], the presence of Dinenympha gracilis in
the hindguts of worker termites [19,20], and sequencing of the cytochrome oxidase II gene (S1
Fig) with primers A-tLEU: 5’ - ATGGCAGATTAGTGCAATGG-3’ (forward) and B-tLys: 5/ -
GTTTAAGAGACCAGTACTTG-3’ (reverse) [21]. Only individuals of the worker caste were
chosen for experiments described here. Metadata on collection sites, lab colonies, sequencing
dates and other information can be found in S1 File.

Amplification and sequencing of protist and bacterial SSU rRNA genes

Samples consisting of single protist cells were prepared from termites in an anaerobic chamber
with atmospheric content of CO, 5.5%, H; 5.5%, and N, 89%. Each hindgut was dissected and
ruptured in 500 pl of Trager’s solution U (TU) [22]. Hindgut contents were washed by centri-
fugation at 3,000 rpm for 90 seconds in an Eppendorf microcentrifuge and then resuspended
in 500 pl of TU. This was done for a total of three washes. This washed cell suspension was
then diluted 10-fold in TU. A 1 pl aliquot of the washed and diluted cell suspension was added
to a9 ul droplet on a glass slide treated with RNase AWAY ® Reagent (Life Technologies) and
UV light. Individual protist cells were isolated using a micromanipulator (Eppendorf Cell-
Tram® Vario) equipped with a hand-drawn glass capillary. Individual cells were washed
three times in 10 pl droplets of TU via micromanipulation, transferring approximately 0.1 pl
each time, and finally placed in 10pl molecular grade TE Bulffer, and frozen at -20°C. If each
gut sample contained 107 bacteria, we estimate the final isolated protist cell should have less
than one non-symbiotic bacterium from the original gut suspension. In total, we collected and
analyzed 57 protist cells from 13 worker termites which were sampled from colonies at three
geographical locations (Geosites A, B, and C).

Frozen protist cells served as templates for PCR reactions in which the 18S rRNA gene of
the protist host as well as the V4 hypervariable region of the 16S rRNA gene of bacteria were
co-amplified and sequenced. PCR reactions consisted of Phusion® High-fidelity polymerase
(1 unit), HF buffer, dNTPs (200 M), dimethyl sulfoxide (DMSO) (3%), 0.3 uM of each 18S
primer (Eukl19f, 5’ ~AYYTGGTTGATYCTGCCA-3' and Eukl1772r; 5’ ~-CBGCAGGTTCACC-
TAC-3")[23], 0.2 uM each of V4 16S primers (515f; 5’ ~GTGCCAGCMGCCGCGGTAA-3
and 806r; 5/ ~-GGACTACHVGGGTWTCTAAT-3") [24], and a single protist cell in a final reac-
tion volume of 50 pl. PCR conditions were as follows: Initial denaturation was at 94°C for 3
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minutes followed by 35 cycles of 94°C for 45 seconds, 50°C for 60 seconds, 72°C for 2 minutes.
Final extension was at 72°C for 10 minutes [17]. For P. vertens and D. gracilis 18S primers
18SFU; 5’ ~ATGCTTGTCTCAAAGGRYTAAGCCATGC-3’ and 18SRU; 5/ - CWGGTTCACC
WACGGAAACCTTGTTACG-3" were used [25].

PCR products were separated and visualized on a 1% agarose gel, gel-purified and quanti-
fied using Qubit™ Flourometric quantitation (ThermoFisher Scientific). Barcoded V4 16S
rRNA gene amplicons were pooled at 4nM equimolar concentrations and sequenced on an
IMlumina Miseq [17]. Amplicon libraries were generated using both single (24 samples) and
dual (58 samples) indexed primer sets (S1 File). Negative controls consisting of TU, TE, and
protist-free technical controls were amplified and sequenced in order to monitor contamina-
tion from slides, buffers, kits and other reagents.

18S rRNA gene amplicons were cloned using the pPGEM®-T Easy Vector System (Pro-
mega) and sequenced by Sanger sequencing. If needed, additional isolated protist cells were
used in 18S rRNA gene-only PCR reactions and the amplicons were cloned and sequenced as
described above.

V4 16S amplicon analysis using ASV inference

V4 16S gene reads were analyzed using a single workflow in R. Raw V4 amplicon reads were
initially processed using the R package DADA?2 [26]. Reads were quality trimmed, filtered,
merged, and exact biological sequences (ASVs) were determined using the Divisive Amplicon
Denoising Algorithm (DADA) [26]. This allows for determining the true biological sequence
of V4 amplicons by applying the error rates observed within samples [26, 27]. Taxonomy was
then assigned to ASVs in DADA?2 using the SILVA rRNA gene database Version 132 [28].
Reagent and other contaminants were then identified and removed using the R package
decontam using the prevalence method with the threshold set to 0.35 [29]. This allowed identi-
fication of contaminating ASVs by assessing the prevalence of ASVs in negative control sam-
ples compared to protist samples [29]. Using taxonomic assignments, ASVs were then filtered
based on their ecologically plausibility such that only previously reported protist-associated
bacterial taxa remained using the R package Phyloseq [30]. We then removed ASVs that were
not found in at least three of the protist samples and at least 1 x 107 in their relative abun-
dance. These filtering parameters are consistent with recent studies that identified contami-
nants in low-biomass samples [31]. Exact filtering commands are provided within the
amplicon workflow in S2 File and the results of filtering are presented in S1 File. Ordination
analysis, o-diversity (Observed, Chaol, and Shannon), and B-diversity analysis (Bray-Curtis
metric) were done using Phyloseq and Vegan [32] and data were plotted using the R package
ggplot2 [33]. For ordination analysis, a NMDS plot was generated using the Bray-Curtis metric
and ellipses were generated for each protist genus per colony, representing the 95% confidence
intervals. Statistical significance between o-diversity measurements was assessed using the
Mann-Whitney test in GraphPad Prism (version 8). Adonis which is part of the Vegan R pack-
age was used to perform PERMANOVA analyses. Rarefaction analysis was performed using
the “ggrare” function of ggplot2. The entire V4 amplicon workflow is provided as a single R
script which uses the raw reads generated by this study and reproduces all filtering, analyses
and generates the resulting graphs (S2 File). Tables of the ASV sequences, read counts, taxon-
omy, and metadata are provided in S1 File.

Phylogenetic analysis of SSU rRNA genes

ASVs corresponding to Endomicrobium were aligned to V4 16S rRNA gene reference
sequences using MUSCLE [34]. Phylogenetic trees were generated using a Maximum
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likelihood (ML) method with the program IQ-TREE with model testing [35]. The 18S rRNA
genes obtained by this study were also aligned to reference sequences using MUSCLE and a
phylogenetic tree was made using IQ-TREE with model testing.

Scanning electron microscopy

Protist cells were collected by low spin centrifugation as described above and fixed in 2% glu-
taraldehyde in TU (pH 7) for 1 hour at RT in an anaerobic chamber. The samples were depos-
ited onto poly-L-lysine coated silicon wafer chips (Prod No. 16008, Ted Pella Inc.), washed
with 80 mM Na cacodylate buffer (pH 7), and post-fixed in 2% osmium tetroxide at RT for 1
hour. The cells were rinsed twice for 5 minutes in distilled water then dehydrated in serial con-
centrations of ethanol (30%, 50%, 70%, 95%, 100%, 5 min each) and critical point dried
(931GL, Tousimis). Samples were then mounted on SEM stubs using silver paint, sputter
coated with palladium (E5100, Polaron) and examined using a scanning electron microscope
(Nova NanoSEM 450, FEI).

Live fluorescent symbiont transmission assays

For all live-transmission assays, experiments were carried out in an anaerobic chamber with
gas composition as described above. Hindguts were dissected from termites, ruptured with
sterile forceps, and their contents were collected in anaerobic TU buffer containing resazurin
(1pg/ml), sodium thioglycolate (0.5g/L), and sodium bicarbonate (0.1M) pH 8.0 [36] Samples
were then fractionated by low spin centrifugation (3,000 rpm for 90 seconds) to separate pro-
tists and their symbionts and from bacteria which were unattached to protists. Bacteria and
protists were treated separately in order to minimize damage to protists by the high centrifuga-
tion forces needed to pellet bacteria. Each fraction was then washed three times in buffer by
centrifugation at either 3,000 rpm (for protist fraction) or 13,000 rpm (for bacterial fraction)
for 90 seconds. The washed fractions were then split into two equal volumes and stained with
either Texas Red®-X succinimidyl ester (TRSE, Molecular Probes™) or AlexaFlour Green 488
succinimidyl ester (SE488, Molecular Probes™) at 10pg/ml for 1 hour at room temperature
(RT) in the dark in the anaerobic chamber. Covalent dye conjugation was done per manufac-
turer’s instructions. Following dye conjugation, cells were washed three times in TU with
reduced glutathione serving as a stop reagent for the amine reactive dyes. Protist and bacterial
fractions were combined to produce two samples: red protists plus red free-living bacteria and
green protists plus green free-living bacteria.

To assay for symbiont acquisition by protists, half of each sample, red and green, were com-
bined and monitored for the horizontal acquisition of new bacteria which was evident by het-
erogeneity in fluorescent signals of bacteria on individual protists. Subsamples were taken at 0,
3, 15, and 20 hours, fixed with 2% formaldehyde, and viewed using a Nikon TE300 Eclipse
microscope. Alternatively, fixed samples were mounted in ProLong™ Diamond Antifade
Mount (ThermoFisher) and imaged using a Nikon A1R Spectral Confocal microscope. To
determine specificity of binding locations on protist hosts the positions of newly acquired ecto-
symbionts were counted along the length of two Dinenympha species (D. species Il and D. fim-
briata) and correlations in binding towards the anterior or posterior cell poles were tested
using the Pearson R correlation test in GraphPad Prism (version 8). To test if symbiont acqui-
sition required biologically active processes, this assay was repeated with the addition of either
tetracycline 10pug/ml or cycloheximide 10pug/ml to each sample 1 hour prior to the start of the
assay and compared to a no-treatment control. In addition, anaerobic symbionts were killed
by exposure to atmospheric oxygen, labeled with propidium iodide (PI), and mixed with live
cells to assay for the binding of dead bacteria to live protist hosts.

PLOS ONE | https://doi.org/10.1371/journal.pone.0233065 May 15, 2020 5/19


https://doi.org/10.1371/journal.pone.0233065

PLOS ONE

ASV inference of protist-associated bacteria

The fluorescent assay was then used to investigate whether ectosymbionts could come from
the free-living (unattached) pool of bacteria. Hindgut contents were fractionated into a free-
living bacterial fraction and a protist-cell fraction as described above and each was stained red
with TRSE. These were added separately to a green SE-488 stained protist-cell fraction and
incubated in an anaerobic chamber as described above. Samples were taken at 15 hours post
the start of the assay, fixed, and viewed as described above.

Results

Termite mitochondrial cytochrome oxidase II gene sequencing and
phylogenetic analysis
The mitochondrial cytochrome oxidase II gene was sequenced from worker termites from all

three colonies that were used in this study. Phylogenetic analysis indicates that these sequences
grouped with publicly available references of R. flavipes from other studies (S1 Fig).

Morphological and phylogenetic diversity of hindgut protists

The protists used in this study were investigated using both light microscopy, SEM and 18S
rDNA sequencing. These data indicated that these protists belonged to six different species: T.
agilis, P. vertens, D. gracilis, D. fimbriata, and two uncharacterized Dinenympha species (I &
IT). We obtained near-full length or partial (>1 kb) 18S rRNA genes sequences from individual
protist cells, aligned them to references sequences, and reconstructed their phylogeny using
IQ-TREE. The previously undescribed organisms referred to here as “Dinenympha species I &
I1” clustered with other Dinenympha. Based on their differing 18S genes and their differing
morphologies, we refer to D. gracilis, D. fimbriata, D. species I and D. species II as separate spe-
cies in this paper (Fig 1). In depth studies of the gene evolution will be required to determine
the exact relationships of these organisms to each other. DIC micrographs of representative
morphotypes of each protist species used in this study are provided in Fig 1.

ASV composition of protist-associated bacteria

High-throughput amplicon analysis of the V4 region of the bacterial 16S rRNA gene recovered
102 bacterial ASVs from single protist cells spanning six different protist species. The most
diverse bacterial taxon was the genus Treponema which accounted for 66 of the 102 ASVs (Fig
2A). Other taxa included the genera Endomicrobium (7 ASVs) and the phyla Verrucomicrobia
(3 ASVs), Bacteroidetes (17 ASVs), Proteobacteria (7 ASVs) Margulisbacteria (1 ASV) and
Synergistetes (1 ASV) (Fig 2A and S1 File).

To determine if there were any differences between the communities of bacterial symbionts
across different protist genera, o.-diversity and p-diversity analyses were conducted using the
Phyloseq and Vegan R packages. Despite being smaller in size, Dinenympha species hosts were
associated to a more diverse bacterial community compared to both Trichonympha (Mann-
Whitney test Observed, Chaol, and Shannon a-diversity p < 0.0001) and Pyrsonympha
(Mann-Whitney test Observed, Chaol, and Shannon a-diversity p < 0.0001) protists (Fig 2B).
Rarefaction analysis indicated that each protist sample was sequenced at sufficient coverage to
determine their symbiont’s taxonomic diversity (S2 Fig). This was performed with and without
sequences corresponding to Endomicrobium (endosymbionts) to ensure that less abundant
taxa were also sequenced at sufficient coverage. Thus, it is not likely that differences in com-
munity diversity between protist species were artifacts of inadequate sequence depth coverage.

The protist-associated communities grouped together according to their protist hosts using
the Bray-Curtis metric to perform B-diversity ordination (Fig 2C). The communities were
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Fig 1. Phylogenetic and morphological diversity of hindgut protist species from R. flavipes. (A) Maximum likelihood (ML) phylogenetic trees of 18S
rRNA genes from single protists cells. Parabasalia ML tree (left) was generated using the program IQ-Tree with substitution model GTR+I+G4 while the
Oxymonadida ML tree (right) was generated using the substitution model TN+I+G4. Four 18S rRNA genes from single protist clustered to known
references sequences (D. fimbriata, D. gracilis, P. vertens, and T. agilis). Other previously undescribed protists, D. species I and D. species II, clustered
within the genus Dinenympha. Taxa marked by (*) represents sequences obtained by this study. Sequences from cells which are designated by a letter
represent individuals in which the 18S rRNA gene was co-amplified with the bacterial V4 16S rRNA gene. Tip labels include the protist name, accession
number, and host termite species. Support values represent the Bayesian posterior probability and Bootstrap support values respectively. Scanning electron
micrographs, and DIC images of representative individuals of each protist species (B, B’) T. agilis, (C, C’) P. vertens, (D, D’) D. gracilis, (E, E’) D. fimbriata,
(F, F) D. species I and (G, G’) D. species II. Electron micrograph scale bars represent 50um (B), 30pm (C), and 10um (D-G), all DIC scale bars are 20um.

https://doi.org/10.1371/journal.pone.0233065.9001

significantly different from one another and were influenced by the genus of their host protist
(PERMANOVA Bray-Curtis f = 24.188, R” = 0.47253, p = 0.001) and to lesser extent, the col-
lection site from which they were originally isolated (PERMANOVA Bray-Curtis f= 1.8819,
R?=0.06516, p = 0.041). The effect of termite geographical collection site was further investi-
gated within each group of protist hosts. For Trichonympha hosts, the bacterial communities
were heterogeneous with respect to termite collection site (PERMANOVA Bray-Curtis

f=3.3298, R” = 0.25954, p = 0.019). This heterogeneity can be most easily seen for Spirochaetes
ASVs 95,93, 64 and 48 (Fig 2A, red arrows), which were all absent in Trichonympha cells from
termites collected in geosite C, but were present in Trichonympha from geosites A and B. Bac-
terial communities associated with Dinenympha were also heterogeneous with respect to ter-
mite collection site (PERMANOV A Bray-Curtis f= 3.1712, R” = 0.25027, p = 0.001) however,
the bacterial communities of Pyrsonympha hosts were homogenous across different termite
colonies (PERMANOVA Bray-Curtis f= 0.633226, R° = 0.11226, p = 0.677). Collectively, these
data suggest that the bacterial communities of each protist genus are distinct from one another
and can show some collection site differences for some bacteria that associate with some pro-
tist types.

Several ASVs, likely corresponding to ectosymbionts (Spirochaetes), were observed to be
present across almost all of the Dinenympha species including D. gracilis which has very few
visible ectosymbionts when observed by microscopy. (Figs 1 and 2A). ASVs 92, 97, 98, 34, 58
and 37 (Fig 2A, green arrows) appear to be associated with all four species at relatively high lev-
els: 5% - 10% in Dinenympha species Il and D. fimbriata, 5% - 30% in Dinenympha species I
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Fig 2. Diversity and distribution of protist-associated bacterial ASVs. (A) Heat map showing the distribution and relative abundance of bacterial ASVs (rows) which
are grouped by similarity in the tree at right (generated by Muscle alignment and Jukes-Cantor Neighbor Joining as implemented in Geneious v9) and at the Phylum
level on the left: Ba = Bacteroidetes, Ma = Margulisbacteria, Ve = Verrucomicrobia, Pr = Proteobacteria, El = Elusimicrobia, Sy = Synergistetes, Sp = Spirochaetes.
Individual protist cells are in the grey columns, geosites, cell_ID and total reads per sample are indicated at the top. Red arrows indicate Spirochaetes ASVs which were
present on Trichonympha hosts from colonies A and B but absent on those from colony C. Green arrows indicate Spirochaetes ASVs which were present on all four
species of Dinenympha hosts. (B) a-diversity measurements (Observed, Choal, and Shannon) of each of the three protist genera (Dinenympha, Pyrsonympha, and
Trichonympha). Box plots represent the 25th and 75th percentiles with the line representing the median and whiskers representing the largest and smallest values,
respectively. Statistically significance was calculated using Mann-Whitney test (***, p< 0.0001, ns = no significant difference). (C) Bray-Curtis B-diversity ordination
plot of the bacterial ASVs of protist cells. Each point represents the bacterial community of a single protist cell where the color represents the protist genus, shape
indicates the termite colony collection site, and the dashed ellipses represents the 95% confidence intervals for each protist genus per termite colony collection site.
Points are labeled by a letter which represents protist cell’s identification. Abundance and read count data for A is provided in S1 File.

https://doi.org/10.1371/journal.pone.0233065.9g002

and 3% - 20% in D. gracilis. ASV36 was found to be associated with all four Dinenympha spe-

cies though at lower levels: 0.5%

- 5%. In addition, these ASV's were also associated with some

of the Trichonympha and Pyrsonympha protist cells, but only sporadically.

Phylogenetic diversity of protist-associated Endomicrobium

Previous studies concluded that

the Endomicrobium endosymbionts demonstrate co-specia-

tion with their protist host as inferred by congruent phylogenies [37]. We investigated which
of the Endomicrobium (Elusimicrobia) ASVs demonstrated that same congruence. This was
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possible since we were able to co-amplify and sequence some of the 185 rRNA genes of protist
cells used in our high-throughput amplicon study. The results from these phylogenetic analy-
ses suggested that five out of the seven Endomicrobium ASVs shared congruent evolutionary
histories with their protist hosts while ASV18 and ASV21 did not (S3 Fig). ASV21 was associ-
ated at low abundance with only three Dinenympha cells and may be a contaminant. ASV18,
however was found associated, at low abundance (generally <1%) with 11 Trichonympha cells
(50%), and may be a contaminant, or a low-abundance symbiont of these protists. The remain-
ing five Endomicrobium ASVs clustered into three distinct groups, each associating with either
Trichonympha (ASV19 and ASV20), Pyrsonympha (ASV24), or Dinenympha (ASV22 and
ASV23). The two Endomicrobium ASVs that were associated with Trichonympha, hosts dif-
fered from one another by one base pair and did not appear to co-colonize individual Tricho-
nympha cells. This trend was also true for the two Endomicrobium ASVs which associated with
Dinenympha species II (Fig 2A and S1 File). We did detect some instances in which some of
the Endomicrobium sequences from one host were present in other protist samples. For exam-
ple, one of the Endomicrobium ASVs from Trichonympha hosts (ASV19) was found in several
Pyrsonympha cells. This ASV was present at high relative levels in those Pyrsonympha cells that
did not have high total read counts and may represent contamination from lysed Trichonym-
pha cells (Fig 2A and S1 File).

Horizontal acquisition of labeled bacteria

The ASV analysis, outlined above, suggested that some ectosymbiont types (Spirochaetes) are
found associated with multiple protist species. This could occur through the horizontal trans-
mission of ectosymbionts. An in vitro fluorescence-based assay was developed to test this pos-
sibility. Protists and bacteria from the hindgut of R. flavipes were covalently stained with either
TRSE (red fluorescence) or SE488 (green fluorescence), mixed together, and the acquisition of
new ectosymbionts was assayed over time. Since protists began the experiment with ectosym-
biotic communities that were homogeneous in their fluorescent label, newly acquired bacteria
could be detected if individual protists acquired bacteria of a different color over time. Acquisi-
tion observed in this assay should represent only half of the total transfer events since we could
not distinguish newly acquired bacteria that were the same color as the majority of the cells on
the host. Over time, we observed that protist hosts including T. agilis, D. fimbriata and D. spe-
cies IT acquired new bacteria (Fig 3) that appeared to be attached to host’s plasma membrane
(Fig 3E, 3] and 30), not merely entangled in flagella or entangled with other bacterial cells.
Such events were never observed in non-mixed control samples indicating that what appeared
to be acquired bacteria were not bacteria with unusual autofluorescence properties (S4 Fig).
We used our fluorescence assay to determine if newly attached bacteria could transfer to pro-
tists from just the pool of free-living (unattached) bacteria, or just from other protist cells. (Fig
3P). In these experiments there was no significant difference between the percentage of protist
cells that acquired new ectosymbionts from the free-living or protist-associated fractions
(Two-tailed T-test, t = 1.054, df = 2, p = 0.402).

In well characterized symbioses in which symbionts are horizontally transmitted, several
active biological processes are involved. These include changes in the gene expression of the
symbiont so that it can properly recognize and occupy its niche on, or in, its host [38,39]. To
determine if bacteria acquisition by hindgut protists required active processes, we tested
whether inhibiting protein synthesis affected the acquisition assay. The assay was done with
the addition of either tetracycline or cycloheximide and compared to a no-treatment control.
Tetracycline, which inhibits prokaryotic translation, was chosen because of previous reports
that termite-associated Spirochaetes and Bacteriodetes are sensitive to that antibiotic [40].
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Fig 3. Horizontal acquisition of ectosymbionts by different protist species. DIC and fluorescence micrographs of
hindgut protist and their ectosymbionts stained with either TRSE (shown red) or SE-488 (shown green) at Time = 12
hours of fluorescent acquisition assay. Overtime several different protist species including (A-E) D. fimbriata, (F—]) D.
species II, and (K-O) T. agilis acquired new ectosymbionts. Micrographs are arranged from left to right as DIC, SE488,
TRSE, and merged (SE488 and TRSE) for each protist. Fluorescence micrographs L-M are maximum intensity Z-
projections. Micrographs E, ], and O represent areas which are zoomed in to demonstrate that the ectosymbionts are
visibly attached to the host cell’s plasma membrane. Arrows point to horizontally acquired ectosymbionts and scale
bars represent 10um. (P) The average percent (arcsine transformed) of protists that acquired new bacteria from either
the protist or bacterial cell fractions of termite hindguts at Time = 15 hours of the assays. Error bars represent the
standard error of the mean and n = 3 independent experiments.

https://doi.org/10.1371/journal.pone.0233065.9003

Cycloheximide has been used to target protein synthesis across different protist taxa [41,42].
Over time, samples which were treated with tetracycline had significantly fewer protists that
acquired new ectosymbionts compared to the no-treatment control (Two-tailed T-test,
Time = 20 hours, t = 5.278, df = 3, p = 0.0133) (Fig 4A). Other control experiments showed
that bacteria were not killed by tetracycline over the 20 hour time course of the experiment
(not shown) These data indicated that inhibiting protein synthesis in the bacteria may have
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Fig 4. Horizontal transmission of ectosymbionts involves active processes and is non-random. (A) The addition of tetracycline significantly lowered the percentage
of protists that acquired at least one new ectosymbiont (Two-tailed T-test, Time = 20 hours, t = 5.278, df = 3, p = 0.0133, n = 4 independent experiments, Benjamini-
Hochberg P-value = 0.0804 see FDR Statistics in S1 File) while the addition of cycloheximide had no significant effect. (B—D) Micrographs of propidium iodide stained
cells. Exposing hindgut contents to O, killed hindgut bacteria (B and C) which did not bind to live protist cells (D) (arrows point to O, killed bacteria). (E) Significantly
more ectosymbionts (Pearson’s R, p = 0.0005) bound towards the anterior cell pole compared to the posterior cell pole on D. species II however, this binding
characteristic was not seen in other Dinenympha species. (F—I) Fluorescence and DIC micrograph of D. species II stained with amine reactive dyes (G TRSE, H SE488),
showing increased binding of new ectosymbionts (arrows) toward the anterior cell pole. Scale bars represent 10pm.

https://doi.org/10.1371/journal.pone.0233065.9004

affected their ability to be horizontally acquired by their protist hosts. However, we cannot
rule out that tetracycline may have affected host cells and lowered transmission rates. Cyclo-
heximide treated samples were not significantly different from the no-treatment control. How-
ever, it may still be the case that protein synthesis by the protist host is required for acquisition
if the rate of protein turnover is slow and our 20-hour assay was not long enough time to detect
an effect, or if these protists are not sensitive to cycloheximide.

In addition, protists and bacteria were exposed to atmospheric oxygen for several hours.
We confirmed that oxygen killed both ectosymbiont and free-living bacteria by labeling with
propidium iodide (PI) which labels cells which have died [43] (Fig 4B and 4C). These PI-
labeled cells were then added to live samples to assay for the binding of dead bacteria to live
protist hosts. In these experiments, we did not observe the binding of dead ectosymbionts to
live protist cells (n = 4 independent experiments) (Fig 4D). Thus, acquisition of bacteria in this
assay required live partners and active translation.

We noticed that most of the newly acquired bacteria appeared to bind to the anterior end of
Dinenympha species II. To determine if this was true, or if binding was random, newly
attached bacteria were counted along the length of this protist species. The resulting data indi-
cated that newly acquired bacteria bound more frequently towards the anterior cell pole of D.
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species II (Pearson’s R p = 0.0005) (Fig 4E-4I) than the posterior cell pole. This increase in fre-
quency at one cell pole compared to the other was not observed in other Dinenympha species
(Fig 4E). This suggested that in Dinenympha species II there was a preferred region for the
addition of newly acquired bacteria.

Discussion

In this study, we found that the associations between R. flavipes hindgut protists and their sym-
biotic bacteria exhibited specificity in host range and community structures. We also found
that Dinenympha species, as a group, associated with a more diverse community of bacteria
compared to the larger protist species P. vertens and T. agilis (Fig 2B and S1 File). Since most
of the ASVs associated with these Dinenympha were Treponema (Fig 2A), which are consid-
ered to be mainly ectosymbionts, these data suggested that it was the ectosymbiont communi-
ties of these Dinenympha species that were responsible for the increased diversity. These
ectosymbiont communities included ASVs that were shared among some Dinenympha species
which led to the hypothesis that some ectosymbionts may be horizontally acquired or
transferred.

In general, the bacterial communities of the protist species studied were distinct from one
another (Fig 2C) as most bacterial ASVs were exclusive to certain protist hosts or classes of
protist hosts (Fig 2A). However, the individual associations between symbionts and protist
species exhibited varying levels of fidelity. For example, even though many Treponema ASVs
were shared between Dinenympha species, only a few were found to occasionally be associated
with Trichonympha or Pyrsonympha (Fig 2A). The converse was also true: Treponema ASV's
associated with Trichonympha or Pyrsonympha were only occasionally associated with Dine-
nympha cells. This suggested that there may be mechanisms that result in, or ensure, specificity
between bacterial symbionts and a range of related protist hosts. The Treponema diversity
associated with Dinenympha hosts may be due to common features such as attachment factors
which are shared among protist hosts who are closely related and co-inhabit the same termite
hindgut.

These protist-bacteria associations were relatively conserved across different termite colo-
nies (Geosites), however some of the variation within these groups of protists was due to col-
lection site effects (Fig 2C). This results of colony-level variation of protist-bacterial
associations complements previous reports of variation in the microbial communities of ter-
mite guts [17,44]. This repeated observation across different studies highlights the importance
of using colony replication in termite microbiome research.

The ASV analysis provided a high-resolution characterization of the community structures
of the endosymbionts of hindgut protists. For example, individual T. agilis cells differed with
respect to which Endomicrobium ASV they were associated. Two T. agilis cells (cells A and B)
which shared the same Endomicrobium ASV were more similar to one another in their 18S
rRNA gene sequence than they were to a third cell (cell C, Fig 1A) which associated with a dif-
ferent Endomicrobium ASV. Even though these two Endomicrobium ASVs differed by only
one base pair in the V4 region genome assembly and analysis shows that they are distinct gen-
omovars or strains (unpublished data). Previous studies have demonstrated the possibility that
what was thought to be a single species of T. agilis in R. flavipes is likely more than one species
[45]. Our data, showing two ASVs with related, but distinct genomes, that colonize Trichonym-
pha cells with different 18s rRNA gene sequences support that possibility.

The ectosymbiont communities of hindgut protists in R. flavipes may not always be static as
demonstrated by the fact that we observed that protists could acquire new bacteria on their
surfaces over time. This horizontal acquisition of bacteria was likely to be an active process
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because transfer was lowered in the presence of tetracycline (Fig 4A). This less effective trans-
fer may have been caused by inhibition of bacterial translation of proteins directly needed for
binding, or due to indirect effects. For example, tetracycline treatment may have affected
motility, chemotaxis, or protist functions as was shown in an earlier study [40]. The inability
to cultivate these members currently limits their experimental tractability and at this time we
are unable to determine the exact mechanisms of how tetracycline lowers symbiont transmis-
sion. Oxygen-killed hindgut bacteria were never observed to attach to live protist hosts indicat-
ing that the horizontal acquisition seen in our experiments is likely active and not due to non-
specific binding or entanglement. The observation that ectosymbionts bound preferentially to
the anterior cell pole of D. species II suggested that there was spatial specificity to the process
(Fig 4E-4I). This spatial specificity was not observed with other Dinenympha species. The
cause of this spatial preference is not known, but may be the result of new cell membrane, or
binding structures, being added to the host at the anterior pole. Because ectosymbionts are
found at other locations along the cell, ectosymbionts may be transported to these sites follow-
ing binding at the anterior pole. Spatial specificity of ectosymbiotic Treponema on the surface
of termite protists has been observed in a previous study using phylotype-specific fluorescent
in situ hybridization (FISH) probes [3].

Protists from R. flavipes cannot yet be cultured, and this resulted in some limitations in the
ectosymbiont acquisition assays. After 20 hours, most protist cells have died and lysed during
the in vitro experiments. This limited the time over which the assay was conducted. Because of
this, we could not determine if ectosymbionts could also be vertically transmitted during pro-
tist cell division. We have not witnessed actively dividing hindgut protists, but there is no evi-
dence to suggest that they would have to shed their ectosymbionts prior to, or during, cell
division. Thus, most surface-bound bacteria are likely partitioned between daughter cells dur-
ing division.

Horizontal transmission of gut microbiota has occurred between different termite species
and is thought to be a driving force in shaping their microbial communities [46]. Here we
extend the possibility of horizontal transmission occurring at the level of protist-bacterial sym-
bioses within the guts of termite hosts. R. flavipes is a foraging wood-feeding termite which
may cause them to have a greater influx of transient members and as a result have a greater
bacterial species turnover compared to non-foraging (wood-dwelling) species [44]. However,
the termites used in this study were maintained under laboratory conditions on initially sterile
sand and fed initially sterile wood which may reduce the introduction of transient members
and select for a more stable gut community [44].

The results outlined above suggest that the acquisition of new bacteria by protists that we
observed required live bacteria and was not due to non-specific interactions such as entangle-
ment in protist flagella. However, we do not currently have direct evidence that the acquired
bacteria are any of ectosymbionts characterized by our V4 analysis. They may be true symbi-
onts, or they may be only transiently bound: staying for longer than our 20 hour assay, but per-
haps not establishing a permanent association with a protist host. Using FISH with ASV-
specific probes would help to resolve which bacteria were horizontally acquired. However,
because as many as 30 or more Treponema ASVs associated with a single protist cell (as is the
case with some D. species II cells), designing and testing that many FISH probes, and tying
FISH results to a single, newly acquired bacteria would be impractical. Another approach that
may work, but that would be technically challenging, would be to isolate single, transferred,
bacteria from the surface of protists and characterize them by V4 analysis or single-cell
sequencing.

Both transient and permanent binding to the surfaces of protists may aid in a bacterium’s
ability to persist in the gut of a termite host by preventing them from being voided in termite’s
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fecal material by peristalsis. It may also give some members greater access to nutrients by
allowing them to transverse the gut environment on a much larger and motile protist host. It
has been proposed that at least some of the ectosymbiotic Treponema may be acetogens [4]
such as the cultivated Treponema primitia strains (ZAS-1 and ZAS-2) which were isolated
from Zootermopsis angusticollis and shown to carry out reductive acetogenesis [47]. Associat-
ing with acetogens may be beneficial for protists which produce CO, and H, as end products
from fermenting the polysaccharides found in wood since those products would be consumed
during reductive acetogenesis [4].

Currently, the metabolic potential of many of these protist species and their symbiotic com-
munities of bacteria remain unknown. It is generally accepted that at least some of the protist
species are cellulolytic, which stems from the observations that some protists commonly con-
tain wood particles in their cytoplasm [1] and from the protist Trichomitopsis termopsidis
which was previously cultivated from Zootermopsis, a damp-wood termite, that was shown to
hydrolyze cellulose in vitro [48,49]. There are recent reports that some ectosymbionts of Oxy-
monadida protists have the capacity to hydrolyze some of the cellulose, amylose and xylans
[9,50]. These include ‘Ca. Symbiothrix” which are associated with Dinenympha species [5,9] as
well as, several ectosymbionts of S. strix such as members of the Bacteroidetes and ‘Ca. Ordini-
vivax streblomastigis’ [50]. It is unclear if the function of polysaccharide hydrolysis is limited
to these symbionts or if it’s a general feature of the ectosymbionts of termite gut protists. Meth-
ods which use single protist cells, such as the amplicon analysis performed in this study, and
single cell metagenomics [50,51] will help resolve the community structures, variation, and the
potential functions of these protist-bacterial symbioses in termites.

The use of single protist cells as templates for high-throughput amplicon sequencing of the
V4 region of their bacterial symbiont’s 16S rRNA gene combined with the high-resolution of
the DADA?2 analysis, provided a detailed survey of these bacterial communities. It is important
to note that although we carefully isolated these single cells and washed them by micromanip-
ulation, it is still plausible that either bacteria or DNA were carried over during isolation, and
that some of the associations depicted in Fig 2A are artifacts of this kind. For example, we did
detect some cases where Endomicrobium ASV's were found associated with the “wrong” protist
types at a low prevalence and low abundance. Increasing the number of washing steps or more
conservative filtering criteria may reduce or eliminate these issues in future studies. Our data
supports the hypothesis that bacterial communities associated with different protist classes are
distinct from one another, and that contamination and carry over was not great enough to
obscure statistically significant differences in community structure (Fig 2).

Future studies could investigate the use of different combinations of universal primers sets
to increase the success of co-amplifying the 18S rRNA genes from protist hosts along with the
V4 (or other regions) of the bacterial 16S rRNA genes. Another way in which these single cell
assays could be explored, or improved upon, would be to investigate the use of an 185 rRNA
primer set which could amplify a variable region that would allow for high-throughput ampli-
con sequencing. This would remove the need to clone and sequence 18S amplicons by Sanger
sequencing and likely yield higher coverage at a reduced cost. High-throughput amplicon
sequencing to investigate protist diversity is already in use for termite protists, and other pro-
tists as well. [52].

Supporting information

S1 File. Excel workbook containing sample metadata, ASV read counts, ASV relative abun-
dances, and ASV taxonomy.
(XLSX)
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S2 File. R script of amplicon workflow.
(TXT)

S1 Fig. Phylogenetic tree of termite mitochondrial cytochrome oxidase II gene sequences.
Sequences were aligned to references with MUSCLE and a Maximum likelihood (ML) phylo-
genetic tree was made using IQ-Tree with substitution model TIM2+G4. Sequences obtained
from termites used in this study (Bold) clustered within the R. flavipes clade. Support values
represent the Bayesian posterior probability and Bootstrap support values respectively.

(TIF)

S2 Fig. Rarefaction analysis of single-cell amplicon samples. Analysis was done using the
“ggrare” function of ggplot2 samples with (A) and without (B) sequences of ‘Candidatus Endo-
microbium’. Curve tips represent the cell’s identification.

(TIF)

$3 Fig. Congruent phylogenies between endosymbiotic ASVs and their protist hosts. Endo-
microbium ASV's were aligned to the V4 regions of reference Endomicrobium species (left
tree). The phylogenetic tree was made using Jukes-Cantor Distance Model with UPGMA as
implemented in Geneious v9. The 18S rRNA genes from single protist hosts, and one reference
sequence were aligned, and the tree was made using Jukes-Cantor Distance Model with
UPGMA as implemented in Geneious v9 (right tree). Support values are Bootstrap percentage
values. Sequences are color coded such endosymbionts are colored the same as their hosts. In
the left tree, Endomicrobium ASV's are given host protist designations, and a host cell identifi-
cation is given. These host cells contained the ASV as the majority, or only, member of the
Endomicrobium associated with that cell. Other host cells (not indicated here but detailed in S1
File) also contained the Endomicrobium ASVs mapped here as sole, or majority, members of
the association. Sequences of the Endomicrobium ASVs can be found in S1 File.

(TIF)

$4 Fig. Non-mixed controls for fluorescent assays. Representative micrographs of protist
cells from non-mixed control samples from fluorescent assays. Micrographs represent DIC (A
and D) SE-488 fluorescence (B and E) and TRSE fluorescence (C and D). Control samples
always maintained homogenous fluorescence. Micrographs were taken post 12 hours from the
start of assays and scale bars represent 20um.

(TIF)
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